13 inter-chromosomal rearrangements between V. dahliae strain JR2 and VdLs17 in more detail. Of these 13 rearrangements, 12 could be reconstructed in detail ( breakpoints in V. dahliae strain VdLs17, while this TE was absent at those breakpoints in the 1 4 4 JR2 strain. For the final two breakpoints no association to a TE was found in either strain, but 1 4 5 extended sequence similarity surrounding the rearrangement site was identified (Fig. 1C ).
4 6
Therefore, we conclude that not necessarily TEs or their activity, but rather stretches of ( Thomma et al. 2011; Cook et al. 2015) , host recognition of this effector evolved as tomato 2 3 5 plants that carry the immune receptor Ve1 recognize this effector to establish immunity 2 3 6 (Fradin et al. 2009; de Jonge et al. 2012) . Consequently, race 2 strains of V. dahliae lost 2 3 7
Ave1, thus evading recognition by Ve1, leading to the capacity to infect Ve1 tomato plants.
3 8
In V. dahliae strain JR2, Ave1 is embedded in a gene-sparse and repeat-rich LS 2 3 9 region on chromosome 5 ( Fig. 3B-E ; ~550,000-1,050,000). Notably, the average number of 2 4 0 single nucleotide polymorphisms (SNPs) inferred from three race 1 and eight race 2 strains 2 4 1 of V. dahliae is significantly reduced in the area surrounding the Ave1 locus (between 2 4 2 680,000 and 720,000) when compared with the surrounding genomic regions (Fig. 3B ), but Ave1 is a strong contributor to virulence on plants lacking Ve1 (de Jonge et al. 2012) , region in race 1 strains.
4 7
Phylogenetic analyses revealed that Ave1 was likely acquired by V. dahliae through multiple times, we studied the genomic region surrounding the Ave1 locus in the LS region. absence of Ave1 in all race 2 strains (Supplemental Fig 10A) . By mapping paired-end reads V. dahliae strain JR2 we observed clear differences in coverage levels between V. dahliae 2 5 7 race 1 and race 2 strains that carry or lack the Ave1 gene, respectively ( Supplemental Fig. 10B ). While V. dahliae race 1 strains, including JR2, displayed an even 2 5 9 level of read coverage over the Ave1 locus, indicating that this region is similar in all race 1 2 6 0 stains, no read coverage of the Ave1 gene was found for race 2 strains (Fig. 3C-D 3C-E: red lines around 668 kb and green lines around 672 kb). Our finding strongly suggests 2 6 6 that the Ave1 locus was lost multiple times from the V. dahliae population, pointing to strong 2 6 7 selection pressure posed by the Ve1 immune receptor on V. dahliae to lose Ave1. In 2 6 8 conclusion, the Ave1 locus is situated in a highly dynamic and repeat-rich region (Fig. 3C ). Therefore, the most parsimonious evolutionary scenario is that the Ave1 locus was 2 7 0 horizontally acquired either directly or indirectly from plants once, followed by multiple losses 2 7 1 in independent lineages that encountered host plants that carried Ve1 or functional homologs 2 7 2 of this immune receptor (Thomma et al. 2011; de Jonge et al. 2012; Zhang et al. 2014) . It is tempting to speculate that the transposable elements that flank the Ave1 locus ( Fig. 3C )
contributed to the evolution of the Ave1 locus by facilitating swift loss of the effector gene upon recognition by the Ve1 immune receptor. Lineage-specific genomic regions in Verticillium dahliae contain active transposable While the activity of TEs is not associated with the formation of extensive genome 2 8 0 rearrangements, LS regions in V. dahliae are highly enriched for TEs, and their presence and 2 8 1 potential activity may contribute to accelerated evolution of these genomic regions. In V. (Supplemental Fig. 11 ). To further assess if and how TEs influence the evolution of LS regions, we explored 2 9 0 TE dynamics in the genome of V. dahliae strain JR2. Each copy of a TE in the genome is 2 9 1 derived from an active ancestor that, once transposed and integrated into the genome, 2 9 2 accumulates mutations that, over evolutionary time, will render the TE inactive. The relative 2 9 3 age of individual TEs can thus be estimated based on sequence divergence from a 2 9 4 consensus sequence that can be derived from present-day copies of any given TE. Using the 2 9 5
Jukes-Cantor distance (Jukes and Cantor 1969) , which corrects the divergence between TEs and their consensus sequence for multiple substitutions, we estimated the divergence times for TEs in the V. dahliae strain JR2 genome (Fig. 4) . This analysis showed that TEs mainly 2 9 8 transposed and expanded in two distinct periods (Fig. 4A) . Notably, a considerable amount of 'younger' TEs, i.e. with small Jukes-Cantor distance to their consensus sequence, 3 0 0 localizes in LS regions while the majority of 'older' TEs reside in the core genome (Fig. 4A) . fungi as a proxy of divergence between these species (Fig. 4C ). These distributions display (Fig. 2D) . By comparing the Jukes-Cantor distributions derived from TEs and from 3 0 8 orthologous genes, we revealed that 'older' TEs transposed around the separation of V. TEs tend to be transcriptionally silent (Fig. 4B) . Thus, the expansion of younger TEs is recent and mainly concerns the active TEs localized at LS regions (Fig. 4) , strongly suggesting that Many plant pathogens contain a so-called 'two-speed' genome where effector genes reside 3 1 6 in genomic compartments that are considerably more plastic than the core of the genome,
facilitating the swift evolution of effector catalogs that are required to be competitive in the 3 1 8 host-pathogen arms race (Raffaele and Kamoun 2012; Dong et al. 2015) . Generally, effector 3 1 9 compartments are enriched in transposable elements (TEs), and it has been speculated that 3 2 0 they promote genomic flexibility and drive accelerated evolution of these genomic genes, as well as the molecular mechanisms and the evolutionary trajectories that govern the formation of the 'two-speed' genome, and the corresponding local genome plasticity, significantly facilitated by the recent establishment of gapless whole-genome assemblies of 3 3 0 two highly similar V. dahliae strains that, despite their high (>99%) degree of sequence 3 3 1 identity, display severe genomic rearrangements (Faino et al. 2015; Thomma et al. 2015) .
We identified ~2 Mb repeat-rich, lineage-specific (LS) regions between the two V. dahliae breakpoints that are associated with genomic rearrangements to high resolution, and we were able to reconstitute most of the rearrangements in detail ( Fig. 1 occurrence of genomic rearrangements (de Jonge et al. 2013) . Even though this correlation 3 4 0 was overestimated due to significant errors in the publically available genome assembly of V. contribute to the evolution of LS regions in V. dahliae. We were not able to associate every
LS region with a genomic rearrangement ( Fig. 1) , like we were also not able to exactly close proximity was lost. Furthermore, likely these rearrangements (continuously) occurred Thus, even though not every genomic rearrangement leads to a new LS region, large-scale Genomic rearrangements can lead to a multitude of structural variations, including yielded genetic material that subsequently obtained the freedom to diverge (Fig. 2B ). V. alfalfae (Fig. 2) . However, this is not the only wave of duplications that shaped the V. dahliae genome, as an earlier duplication period was found that concerns duplications found 3 6 1 in the core genome (Fig. 2) . Notably, this duplication event was not only observed in V. fungi (Fig. 2) . Given the high abundance of duplicated genes at a confined point in evolution, it is tempting to speculate that a single genome-wide event, for example a whole-genome 3 6 7 duplication or hybridization, gave rise to these duplicates. Potentially, this particular evolved LS regions that are embedded within its core genome, while F. oxysporum evolved LS genetic material as conditionally dispensable chromosomes that can be horizontally Based on our data, which indicate that TEs can be implicated in many yet not all 3 7 3 genomic rearrangements, it is conceivable that homologous recombination using TE 3 7 4 sequences as a substrate, rather than TE activity, is responsible for the establishment of 3 7 5 gross rearrangements. In this manner, TEs have passively contributed to the genome 3 7 6 evolution of V. dahliae, and to the extensive genomic plasticity that can be observed between V. dahliae strains (Fig. 1) . In addition to the passive roles of TE in genome evolution, we also obtained evidence for the involvement of TE activity in the evolution of V. dahliae.
Intriguingly, while the majority of TEs in V. dahliae is transcriptionally silent and thus inactive, core genome (Fig. 4) . Active transposition can contribute to genome plasticity by causing segmental duplications that constitute the LS regions ( Fig. 2; Supplemental Fig. 8) . Similarly,
the LS effector Ave1 is located in an LS region ( Fig. 3 ) with several transposable elements 3 9 2 (TE) in its direct vicinity (de Jonge et al. 2012) (Fig. 3C) , and clear evidence for repeated loss in the V. dahliae population was obtained in our study. Although based on our data these transposons cannot directly be implicated in the acquisition of Ave1 from plants, they likely facilitated the multiple losses of Ave1 that are observed in independent lineages incited by Genome-wide studies in several fungi aiming to study chromatin -the complex of 4 0 9
DNA and proteins -revealed that TE-rich regions are generally associated to highly (Fig. 3) . Only few transposable elements in V. dahliae display typical RIP transcriptionally active. Therefore, we hypothesize that these regions, in contrast to the core Based on initial work in other eukaryotes, we conceive that complex chromatin structures in 4 6 5 pathogenic fungi will not only influence coordinated effector expression in LS regions, but 4 6 6 also genomic rearrangements, thereby further linking genome and chromatin structure to 4 6 7 genome evolution. Thus, further insight into chromatin biology of plant pathogens will be 4 6 8 instrumental to significantly accelerate our knowledge on the evolution of the 'two-speed' 4 6 9 genome, and on fungal aggressiveness. Homology between 13 fungal species was assessed using OrthoMCL (default and Fusarium (Supplemental Fig. 12 ).
8 9
Repetitive elements were identified as described in Faino et al. (2015) . Briefly, 4 9 0 repetitive elements were identified using RepeatScout, LTR_Finder and LTRharvest, and the 4 9 1 repetitive elements identified by the different software were combined (non-redundant).
9 2
Repetitive elements were further classified as described by Wicker et al. (2007) . Open 'unknown'. Expression of repetitive elements was assessed based on RNA sequencing data 4 9 7 derived from V. dahliae strain JR2 grown in in vitro media (Czapek Dox) (de Jonge et al. To estimate divergence time of transposable elements, each individual copy of a 5 0 5 transposable element was aligned to the consensus of its family using needle, which is part and the consensus was corrected using the Jukes-Cantor distance, which corrects the Whole-genome alignments between chromosomes of the genome assemblies of V. dahliae were manually defined by identifying regions accumulating alignments breaks and TEs. as a reference strain.
The presence/absence analysis of the Ave1 locus was performed by aligning paired- genomic windows (window-size 5 kb; slide 500 bp ( Figure 3D ; E) and window-size 500 bp; 5 5 5 slide 100 bp (Supplemental Fig 10B) , respectively), and subsequently performed a G+C 5 5 6 correction similarly as previously described (Yoon et al. 2009 ). Briefly, we adjusted these ranging from 0-100% (by 1%). Subsequently, we corrected the ARD using the formula ARDc i the genomic reads of each individual additional V. dahliae strain were assembled using A5 genome assembly of V. dahliae strain JR2 genome using nucmer (settings: -maxmatch), Single nucleotide polymorphisms (SNPs) were identified using GATK v2.8.1 (DePristo mismatches over all reads, and subsequently genomic variants (SNPs) were called using GATK's UnifiedGenotyper (default settings; emitting threshold 20, haploid organism) and resulting variants were quality filtered (quality > 50; phred-scaled quality score for the 5 7 8 assertion), depth > 10 and allelic frequency > 0.9). SNPs derived from different strains were RNA sequencing reads were generated by de Jonge et al. (2012) The data for Acremonium alcalophilum were downloaded from JGI database, and the data the Broad Institute. the receipt of a VENI grant of ALW-NWO, project number 863.15.005. LF conceived the study, participated in its design and coordination, performed analyses, and regions surrounding five synteny breakpoints that are highlighted by boxes in (b).
Rearrangements over short homologous regions such as repetitive elements (black boxes)
or genes (colored boxes) resulted in inter-chromosomal rearrangements (translocations). V.
dahliae strain VdLs17 genes were inferred by mapping of the V. dahliae strain JR2 genes to colour coded: LS1 in blue, LS2 in yellow, LS3 in brown and LS4 in light blue (see Table S2 ). gene pairs of which at least one member is located at the LS regions are connected with blue 6 3 7
lines, while paralogous gene pairs located in the core genome are connected with red lines. pairs, displayed by box plots, were used to estimate relative speciation events. indicate gene models present only at one of the two loci while green and red arrows indicate sequence coverage drops. 
